, or Mn 2+ ions were obtained by the high-temperature solid-state reaction technique using precursors synthesized under hydrothermal conditions. The phosphors were characterized by XRD analysis, Raman spectroscopy, and steady-state/timeresolved and site-selective photoluminescence spectroscopy under blue-to-VUV excitation. It is shown that the small-radius Mg 2+ ions, which can occupy two types of suitable sites in the apatite structure, strongly influence luminescence properties of apatites, in particular the distribution of Eu 3+ ions between these sites. A bright broad-band yellow emission (peaked at 560 nm with   1 s) was obtained from the Mg 2 La 8 (SiO 4 ) 6 O 2 :Eu apatite after annealing it in a H 2 (15%)/Ar reducing atmosphere. This emission is due to 5d-4f transitions of Eu 2+ and is efficiently excited by near UV-to-blue light (300-450 nm ; silicate apatites; pc-LED.
is presently one of the most important topics for the creation of light sources for general and special lighting. LED-driven light sources offer significant advantages compared to other lighting technologies, namely low power consumption, high efficiency, long service life, compact size, environmentally-friendly (mercury-free) modules, and high resistance to external conditions [1] [2] [3] [4] [5] [6] [7] . LED-based sources of white light comprise phosphors * Corresponding author, makhov@sci.lebedev.ru for the conversion of the primary radiation emitted by the semiconductor into light of different colours. For the designation of such light sources the term phosphorconverted LEDs (pc-LEDs) is commonly used.
There are two main approaches to making pc-LEDs emitting white light. One type of white pc-LEDs consists of the combination of a blue emitting LED chip with a yellow emitting phosphor, such as Ce 3+ doped yttrium aluminium garnet Y 3 Al 5 O 12 :Ce (YAG:Ce). Such pc-LED sources generate white light due to colour mixing of blue radiation from the LED chip with yellow luminescence of Ce 3+ ions, which is due to interconfigurational 5d-4f transitions. The requirement to enable efficient absorption of blue light emitted by the LED restricts the choice of suitable doping ions mainly to Ce 3+ and Eu 2+ , while Mn 4+ is regarded as an alternative ion for deep red emission, even though its absorption cross-section is much lower. The focus of LED research activities is on Ce 3+ and Eu 2+ due to their parity-and spin-allowed f-d/d-f transitions. However, such pc-LED sources emit bluish 'cool' white light with a high correlated colour temperature and a low colour rendering index because of the deficiency of the red spectral component. For obtaining a warm white light, well adjusted for human eyes, i.e. having a high colour rendering index and the required correlated colour temperature, a red emitting phosphor should be added to the above combination.
The other approach to making white pc-LEDs is based on using near UV emitting LEDs in the combination with a blend of blue, green, and red emitting phosphors. A widely discussed solution could be a singlephase phosphor emitting luminescence bands of different colours due to the presence of several optically active doping ions. In order to improve the performance of warm white pc-LEDs, new efficient phosphors providing different colours, in particular, broad-band yellowemitting and narrow-band red-emitting phosphors, are highly demanded. An interesting example could be a phosphor containing both Eu 2+ and Eu 3+ ions emitting broad-band yellow and narrow-line red luminescence due to Eu 2+ interconfigurational 5d-4f and Eu 3+ intraconfigurational 4f-4f transitions, respectively. One more option is a phosphor co-doped with yellow-emitting Eu 2+ and red-emitting Mn 2+ ions. In both embodiments an efficient energy transfer between the ions is necessary to obtain proper luminescence from both activator ions. Silicate apatites are well-known hosts for highlyefficient, stable phosphors because of the peculiarities of their diverse crystal structure and good physical and chemical stability [8] [9] [10] [11] [12] [13] [14] . Within the crystal structure of silicate apatites (Fig. 1) [15] , the alkaline earth (M 2+ ) 2 and rare earth (Ln 3+ ) 8 ions can occupy two crystallographic sites in the apatite structure: a 9-coordinated site A1 (4f) and a 7-coordinated site A2 (6h). Owing to the presence of two types of sites for doping ions of different valence states, advanced material engineering is possible. A specific feature of the apatite crystal structure is the presence of so-called free oxygen (O4), which does not belong to any silicon tetrahedron, is closely spaced to the A2 cation, and has a charge strongly undercompensated by adjacent cations. This led to the appearance of the following principle of the site occupation in silicate apatites, formulated by Blasse [16] : it is very unfavourable to have in A2 sites cations with a large radius and a low charge.
In electronic and luminescence properties of synthesized apatites are compared with regard to their phosphor composition and synthesis conditions, and the apatites are discussed as possible phosphors for pc-LED applications. (1.0 at%) were synthesized by a high-temperature solidstate reaction at 1300 °C for 10 h upon using precursors obtained under hydrothermal conditions [17] . Some assynthesized samples were annealed in a H 2 (15%)/Ar reducing atmosphere (1200 °C, 5 h) in order to convert Eu 3+ into Eu 2+ . Each ceramic sample was ground into a finely dispersed powder before annealing and pressed into a tablet after the procedure.
EXPERIMENTAL
Powder XRD patterns were obtained using a Bruker D8 Advance X-Ray powder diffractometer with Cu K α radiation. Identification of synthesized compounds, indexing of X-ray powder diffraction patterns, and refinement of unit-cell parameters were performed with the Diffrac.Suite.EVA software (Bruker).
The vibrational spectra of silicate apatite samples were recorded using a Renishaw inVia micro-Raman spectrometer under 488 nm laser radiation at room temperature as described earlier [18] .
Particle size and morphology were investigated by using scanning electron microscopy (SEM). For this purpose, a scanning electron microscope Zeiss EVO MA10 equipped with a LaB 6 -cathode was used. The pressure in the sample chamber was 5 × 10 -5 Pa and the acceleration voltage was 20 kV. For morphological investigation the obtained ceramics were ground into fine powders.
The PL and PL excitation (PLE) spectra were mostly recorded on an Edinburgh Instruments FSL900 spectrometer equipped with a Xenon arc lamp (450 W) and a cooled (-20 °C) single-photon counting photomultiplier (Hamamatsu R2658P). Spectral resolution for PL and PLE spectra measurements was typically set to 0.1 nm. The obtained PL spectra were corrected by applying a spectral sensitivity function obtained from a tungsten incandescent lamp certified by the National Physics Laboratory, United Kingdom.
The luminescence of undoped samples under excitation in the UV/VUV spectral range was studied using a VUV spectrometer set-up equipped with a 150 W Hamamatsu deuterium lamp and McPherson Model 302 VUV monochromator for excitation. Samples were mounted on an ARS closed-cycle helium cryostat covering a temperature range from 5.5 to 400 K, and PL was recorded using a Shamrock 303i spectrometer in combination with a Hamamatsu 8295-01 photon counting head. Excitation spectra were normalized using sodium salicylate luminescence for reference [19] .
Some spectral measurements were performed using a self-assembled set-up consisting of a deuterium 400 W discharge lamp DDS-400 and a double-quartz prism monochromator DMR-4 (Russia) in the excitation channel. The luminescence was analysed using an ARC SpectraPro 2300i grating spectrometer equipped with a position sensitive CCD camera (Princeton Instruments) and a Hamamatsu H6240-01 photon counting head as detectors in two normal channels (see also [19] for experimental details).
Time-dependent PL measurements upon 260 nm and 273 nm excitation were recorded by using a microsecond pulsed Xe flash lamp attached to an Edinburgh Instruments FSL900 spectrometer. Some measurements of emission decay kinetics were performed also with a Perkin-Elmer FX-1152 Flashtube (pulse duration 1 μs) and an Ortec MCS-PCI Card with 100 ns time resolution [20] in combination with the abovedescribed self-assembled set-up.
Temperature-dependent PL measurements from 80 to 500 K were performed using an Oxford Instruments cryostat MicrostatN2. Liquid nitrogen was used as the cooling agent. The temperature stabilization time was 60 s and tolerance was set at ±3 K. The PL measurements at 3 K were performed using a closed-cycle cryo cooler Optistat AC-V12 from Oxford Instruments, where helium was used as the cooling agent.
RESULTS AND DISCUSSION
A number of ceramic samples of silicate apatites having the typical size and shape as shown in Fig. 2 were synthesized. The SEM images of synthesized ceramics showed that the size of particles in the ceramics was in the micron range and ceramics had a rather homogeneous macro structure.
The X-ray phase analysis confirmed that all the synthesized compounds were single-phase samples containing only apatite phases, and no reflections corresponding to any impurity were detected (Fig. 3) . The XRD patterns were indexed with hexagonal cells having the lattice parameters summarized in Table 1 . There was an increment of the cell parameters with ionic radii of alkaline earth element as expected whereas the change of the a/c ratio can show that there was also redistribution of ions on the sites A1 and A2 depending on the kind of the alkaline earth element. Following the abovementioned criterion of site occupation, one can assume that, in contrast to Ca 2+ Table 2 ) can occupy A2-type sites, which can result in different luminescence properties of Mg-apatites compared to Ca-and Sr-ones.
Some information about the electronic structure of host materials can be obtained from the studies of luminescence properties of undoped samples. As can be seen in Fig. 4 , for Ca-and Sr-apatites two broad overlapping bands are observed under excitation at photon energies larger than ~5 eV. The emission band at 380 nm with the excitation band at 5.6 eV can be ascribed to the luminescence of some unidentified defects. The luminescence at 450 nm excited in the region near the edge of the intrinsic absorption of the host material, whose intensity is strongly increased at low temperature, can be attributed to excitonic emission (luminescence of self-trapped excitons or near-defect self-trapped excitons). The band gap energy can be estimated by the value ~7.6 eV where the excitation efficiency of excitonic luminescence strongly decreases. This value correlates with data of [14] . The luminescence properties of undoped Ca-and Sr-apatites are very similar, whereas Mg-apatite showed only one intense broad luminescence band, which looks similar to the luminescence ascribed to the excitonic luminescence in Ca-and Sr-based apatites. In order to reveal the site occupation by Eu 3+ ions depending on the type of the alkaline earth cation in the host composition, site-selective spectroscopy studies were performed for the series of Eu 3+ doped silicate apatites M 2 Y 8 (SiO 4 ) 6 O 2 (M = Mg, Ca, Sr) [22] . Generally speaking, this is a well-known method for the identification of high-resolution fluorescence spectra originating from 4f-4f transitions of Eu 3+ at different crystallographic sites (see, e.g. [23] [24] [25] [26] [27] . The PL and PLE spectra of all three samples show the typical behaviour for Eu 3+ ions in oxide hosts: a broad charge-transfer (CT) excitation band (around 270 nm) and several groups of lines in PL and PLE spectra corresponding to different 4f-4f transitions of Eu 3+ (see Fig. 5a F J differs for the site A1, having C 3 site symmetry, and site A2, which possesses C s site symmetry. For J = 0, 1, 2, the number The results of low-temperature high-resolution measurements of PLE spectra in the region of the 7 F 0 -5 D 0 Eu 3+ transitions (inset in Fig. 5b) (Fig. 5b) show that the number of lines corresponding to 5 D 0 -7 F 2 transitions of Eu 3+ (at about 620 nm) is three for the excitation at site A and is not less than four for the excitation at site B. Thus one can assume that the spectroscopic site A corresponds to the structural A1-type site and site B to the A2-type site. Accordingly, Eu 3+ ions enter in Ca-and Sr-based matrices preferably the A1-type sites. On the other hand, in Mg-apatite the luminescence intensities for the two sites are roughly equal. This indicates that a large part of Eu 3+ ions in the Mg-based matrix reside in the A2 sites. The energy of the CT band, which is strongly influenced by the crystal field strength, is different for two sites, and as expected, the higher energy corresponds to Eu 3+ ions at the A1 sites, which have the larger coordination number.
Time-dependent luminescence measurements show a bi-exponential decay behaviour for each investigated Eu 3+ doped apatite, which can be explained by the two distinct sites occupied by Eu 3+ within the apatite structure (see Fig. 6 for the Mg 2 Y 8 Si 6 O 26 :Eu 3+ apatite as an example). The parameters of bi-exponential decay for three apatites are listed in Table 3 . It can be assumed that the decay component with a longer lifetime, which has a larger weight, corresponds to the luminescence of Eu 3+ occupying the A1 sites in accordance with relative intensities of luminescence obtained in site-selective spectra from the two sites for Sr-and Ca-apatites. On the other hand, for Mg-apatite the intensities of the two components are comparable. This result again points to the approximately equal population of A1 and A2 sites by Eu 3+ ions in this apatite, similar to results of site-selective spectra measurements.
The temperature-dependent measurements showed that the emission intensity integrals dropped considerably with increasing temperature up to 500 K (see Fig. 7 for the Mg 2 Y 8 Si 6 O 26 :Eu 3+ apatite as an example). The temperature dependence of the Eu 3+ luminescence intensity I(T) can be described with the Fermi-Dirac model:
where I 0 is the luminescence intensity at T = 0 K, B characterizes the rate of thermal quenching, k B is the Boltzmann constant, and E A is the energy barrier (activation energy) for thermal quenching as a result of the cross-over of the emitting (Eu 3+ 5 D 0 ) state to the quenching state. The values of activation energies E A and thermal quenching temperatures T 1/2 (determined as the temperature at which the emission intensity is decreased by 50% of its maximal value), obtained for three apatites from the fits with this formula are presented in Table 4 . The temperature dependence of Eu 3+ luminescence intensity is well described by this simple formula only for Ca-and Sr-apatites. In the case of Mg-apatite a more complicated quenching behaviour is observed, which is well described by a bi-sigmoidal law (see Fig. 7 ). This is mainly substituted to the A2 (6h) site with the C s symmetry because the number of lines corresponding to these transitions is always larger than three. Under short-wavelength excitation ( < 250 nm), a broadband emission is also observed from these samples, which is related to some intrinsic luminescence of the hosts, as discussed above.
Some apatite samples doped with Eu 3+ were annealed in a H 2 (15%)/Ar reducing atmosphere (1200 °C, 5 h) in order to convert Eu 3+ into Eu 2+ . Raman spectra (Fig. 8 ) of these samples show a well-defined characteristic structure of silicate apatites (for energies below ~1100 cm -1 ) [29] including the peaks corresponding to the  1 ,  2 ,  3 , and  4 vibration modes of the SiO 4 tetrahedron. However, for Mg-apatite a considerable broadening of the peaks is observed in the spectrum indicating the presence of disordering in the crystal structure. After the H 2 /Ar treatment the Raman spectra of Ca-and Sr-apatites remained unchanged. On the other hand, under 488 nm laser excitation the H 2 /Artreated Mg-apatite samples emit very bright broadband luminescence, which overlaps with the host vibration peaks. This feature prohibited recording good-quality Raman spectra for the H 2 /Ar-treated Mg-apatite.
Luminescence spectra of Eu 3+ doped Ca-and Srapatites practically do not change after the treatment in a reducing atmosphere. In contrast to that, the Mg 2 La 8 (SiO 4 ) 6 O 2 :Eu samples emit yellow luminescence as a result of such treatment (see photo in Fig. 9 ), which is due to an intense broad emission band centred at 560 nm (Fig. 10 ). This emission can be effectively excited within the UV to blue spectral region with the maximum excitation efficiency at ~370 nm, well matched with the emission of near-UV LEDs. Decay kinetics of this emission is non-exponential, but the main decay component has a decay time less than 1 s. Due to the observed spectral and decay kinetics properties, namely overlapping broad excitation and emission bands with minimal Stokes shift, decay time < 1 s, the yellow emission detected from Mg 2 La 8 (SiO 4 ) 6 O 2 :Eu after the H 2 /Ar treatment can be assigned to the 5d-4f radiative transitions of Eu 2+ ions. However, the Eu 3+ 4f-4f emission is still observable from the reduced Mg 2 La 8 (SiO 4 ) 6 O 2 :Eu sample under excitation in the CT band spectral region. Fig. 10 ) one can expect that for an optimally chosen Eu 3+ concentration in the synthesized apatites and by optimizing the conditions of annealing in a reducing atmosphere, the optimal ratio of Eu 2+ and Eu 3+ ions can be obtained for an efficient conversion of some part of the Eu 2+ yellow luminescence into the red emission of Eu 3+ under UV/blue excitation. Such a single-phase phosphor would be highly interesting for application in warm white pc-LEDs.
The synthesized Ce 3+ doped silicate apatites show rather broad and structured emission bands (Fig. 11) , which can be explained by the presence of at least two Ce 3+ optical centres related to two kinds of sites in silicate apatites (see also [8, 10] Fig. 12 . The Mn 2+ ions emit a broad-band red luminescence at 609 nm due to 4 T 1 -6 A 1 transitions excited both in the blue/green (broad band) and near-UV (narrow band) spectral range (see also [11] ). Mn 2+ luminescence shows relatively good thermal stability in this host with T 1/2 = 514 K (Fig. 13) phosphor with the resulting spectrum well corresponding to requirements for applications in warm white light pc-LED sources. 
CONCLUSIONS

